University of Central Florida

STARS
Honors Undergraduate Theses

UCF Theses and Dissertations

2021

Experimental Study of a Liquid Fuel Bluff Body Flame at Elevated
Pressures
Karam Paul
University of Central Florida

Part of the Aerospace Engineering Commons

Find similar works at: https://stars.library.ucf.edu/honorstheses
University of Central Florida Libraries http://library.ucf.edu
This Open Access is brought to you for free and open access by the UCF Theses and Dissertations at STARS. It has
been accepted for inclusion in Honors Undergraduate Theses by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

Recommended Citation
Paul, Karam, "Experimental Study of a Liquid Fuel Bluff Body Flame at Elevated Pressures" (2021). Honors
Undergraduate Theses. 967.
https://stars.library.ucf.edu/honorstheses/967

EXPERIMENTAL STUDY OF A LIQUID FUEL BLUFF BODY FLAME AT
ELEVATED PRESSURES

by

KARAM PAUL
B.S. University of Central Florida, 2017

A thesis submitted in partial fulfillment of the requirements
for the degree of Bachelor of Science
in the Department of Mechanical and Aerospace Engineering
in the College of Engineering and Computer Science
at the University of Central Florida
Orlando, FL

Spring Term, 2021

Thesis Chair: Dr. Kareem Ahmed

ABSTRACT

The purpose of this research was to operate a bluff body flame holder with the objective of
stabilizing a flame at elevated pressures over a range of equivalence ratios. The ability to have a
ground-based test rig capable of maintaining stable flames at high pressures and temperatures is
critical in understanding flames present in modern jet engines and gas turbine technologies. The
facility was reconfigured multiple times and the resultant flame was imaged within the optical
test section. A converging nozzle was utilized to choke the flow and vary the operating pressures
up to 5atm. By regulating mass flow rates of both the fuel and air, the target range of equivalence
ratios was achieved. Jet fuel was successfully ignited on the bluff body and a flame was
maintained in the recirculation zone. Visualization of flames during the flights of any aircraft is
limited due to material and weight requirements, therefore, performing these studies in groundbased facilities is required. Further analysis was performed to characterize C2* and CH* radicals
in fuel lean and rich flames.
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CHAPTER 1: INTRODUCTION

In high-speed aviation and ground-based gas turbine applications, creating and maintaining a
stable flame plays a key role in the efficient performance and reliable operation of every
combustion system. While there does exist a strong understanding of the causes and effects of
stable and unstable flames, the details have remained obscure. For this reason, research labs and
aerospace industries continue to thoroughly examine the concept.

Flame stabilization in high-speed aerodynamic environments is, perhaps, one of the most
difficult challenges to overcome before delivering a reliable aircraft. Figure 1 shows the famous
SR-71 undergoing a catastrophic failure related to flame stabilization. Severe vortex flows
present along the wings during a high-g turning maneuver resulted in wake disturbances
followed by flame-out [15].

Figure 1: Flame Blowout Present During SR-71 High-G Maneuver
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There exists many techniques to achieve a stable flame. This paper focuses specifically on the
utilization of bluff bodies. In applications such as aerospace gas turbine applications, ramjets,
scramjets and ground-based gas turbine applications, it is common to see bluff bodies utilized as
the flame holder due to their low cost and lightweight features. Present research on bluff bodies
have revolved primarily around gaseous premixed flames, however, as technology has advanced,
so have the requirements [1]. Today, applications of liquid fuel bluff bodies are numerous and is,
therefore, the focus of this research study.
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CHAPTER 2: BACKGROUND

This chapter serves to provide the reader with an understanding of fundamental concepts
involved with bluff body flame stabilization. Topics covered in this chapter shall include flame
stability and the parameters that are considered, non-reacting and reacting bluff body flow
structures and the phenomenon of lean flame blowout.

2.1 Flame Stability
All combustion applications require a stable flame to operate efficiently and reliably, irrelevant
of the type of flame produced. Types of flames include non-premixed and premixed (partially or
fully) flames. Creating and maintaining a stable flame is dependent on a large number of factors
including, but not limited to: crossflow velocity, burning velocity, flame holder size and shape,
blockage and fuel type. Research performed in the previous decades has found that the crossflow
velocity and burning velocity are the two most critical factors that may impact the flame
produced. Additionally, flame stability is highly sensitive to the reacting (global) equivalence
ratio.

There are multiple levels to flame instability. When conditions such as incoming flow velocity
and fuel-air ratio are less than nominal, the flame shape begins to change. As these factors
continue to diverge from the nominal conditions, the flame will begin to oscillate and move
around its fixed location. In this situation, the flame propagates downstream until it is eventually
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extinguished. In the worst circumstance, lean flame blowout (LBO) may occur, in which the
flame is immediately extinguished. Either too low of a fuel-oxidizer ratio or excessive incoming
velocities have this consequence [2].

Current methods of stabilizing flames are bluff bodies, swirlers, pilot flames and more. As
mentioned in the introduction, this thesis focuses solely on the use of a bluff body.

2.2 Bluff Bodies
From ground-based gas turbines to jet engines, bluff bodies serve as a common selection for the
flame holder. Research dating back to the mid-twentieth century have examined the resultant
flames from this method of flame stabilization [3].

Bluff bodies stabilize flames by creating a zone of low-velocity recirculation where combustion
reactants are easily and continuously ignitable. The bluff body creates a flow field characterized
by four distinct zones: (1) the boundary layer, (2) the shear layer, (3) the recirculation zone and
(4) the wake. In each of these zones, the velocity profile evolves to reflect the flow structure’s
unique properties. Each zone and its associated velocity profile are represented in Figures 2 and
3 found below.
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Figure 2: Flow Structure Associated with Bluff Body Flow [4]

Figure 3: Velocity Profiles Associated with Bluff Body Flow [4]
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The boundary layer forms along the leading edge to the lip of the bluff body. As fluid flows over
the lip, the boundary layer separates. The separation creates separated shear layers which act as
boundaries for the recirculation zone. Immediately behind the bluff body, the recirculation zone
exists. Within this region, the pressure is lower relative to the free stream pressure [4]. Reactants
that pass over the bluff body are circulated in this region resulting in enhanced mixing and a
reduction in velocity. In turn, a stable source of ignitable fuel-oxidizer reactants develops.
Further downstream of the recirculation zone lies the wake, in which vortical dynamics, large
eddy structures and high turbulence are present.

Reynolds number (Re) plays a key role in the behavior of the bluff body flow field. Existing
literature provides experimental studies and computational models that define bluff body flow
structures ranging from low to high Reynolds numbers. Sohankar [5] focused primarily on
moderate and high Reynolds number non-reacting flows associated with circular and square
prism bluff bodies, specifically through the utilization of large eddy simulations (LES). The
results of his studies are presented here. At Reynolds numbers sub unity, the flow fails to
separate, resulting in no recirculation. When Re is increased, symmetric vortices begin to form
behind the bluff body. The length of the recirculation zone increases with a further increase in
Re. There exists a critical Re at which the formed vortex structure becomes unstable and creates
a time periodic oscillation wake. This phenomenon, known as a Kármán Vortex Street, sheds
vortices from the upper and lower lip of the bluff body and propagates downstream into the
wake. Bénard-von Kármán instability behaves two-dimensionally and is the first form of
instability present in bluff body flow. When Re continues to increase, the 2D instability
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transition into 3D instabilities. These 3D instabilities present in the wake structure increasingly
affect the flow field with increases in Re [5].

Present research concentrates on the utilization of LES models to predict the behavior of high
Reynolds number cases due to the inaccuracies discovered in statistical turbulence models. Two
figures are presented below with the intent of providing the reader a visualization of the effects
that Re and shape have on bluff body vortex structures. Figure 4 compares the von Kármán
Vortex Street on a circular cylinder at both Re = 150 and Re = 300, while Figure 5 presents
simulations related to vortex shedding as a result of distinct geometries.

Figure 4: Comparison of the von Kármán Vortex Street at Re=150 and Re=300 on a cylinder [6]
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Figure 5: Vorticity Contours of Distinct Bluff Bodies at Re = 200 [6]
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2.3 Lean Flame Blowout

Φ=

𝑚#
𝑚̇#
𝑓
=
=
𝑓!" 𝑚$% 𝑚̇$%

(1)

where 𝑓 is the fuel-oxidizer ratio
where 𝑓!" is the stoichiometric fuel-oxidizer ratio

The equivalence ratio is perhaps the most important parameter relating to the performance and
efficiency of a combustion system. Its importance ranges from ground-based power generation
systems to scramjet vehicles. Equation (1), listed above, represents this parameter as a function
of mass and mass flow rate ratios. Alternatively, this formula could be represented with mole
ratios if related to the molecular weight of the reactant species. When Φ = 1, the reaction is
stoichiometric, implying that all fuel and oxidizer have combusted. When Φ > 1, the reaction is
fuel rich and excess fuel is present after the combustion process. When Φ < 1, the reaction is
fuel lean and excess oxidizer is present after the combustion process. It is critical that a system
has complete control management of this equivalence ratio if it is to reliably operate as expected.

Due to the strict requirements for combustion systems to operate efficiently with low pollutant
emissions, a majority of these systems operate at lean equivalence ratios (Φ). This facilitates
improved fuel efficiency and reduced NOx, CO2 and soot emissions. Unfortunately, the leaner
operating modes correlate with the greater risk for LBO. This phenomenon is defined as flame
extinction due to the operating equivalence ratio falling below the minimum threshold required
to sustain a flame provided a distinct flame holder geometry [7].
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While modern systems are designed to reduce the probability of a LBO situation, the
consequence of its occurrence has pushed research and industry to continue its understanding of
the phenomenon. Kiel et al. performed experimental studies on non-reacting and reacting bluff
bodies with the objective of further understanding LBO limits with respect to Reynolds number
and inlet temperature, as well as other parameters. They were able to acquire detailed
measurements utilizing a combusting (premixed propane and air) closed v-gutter bluff body.
Figure 6 provides the specifications of this bluff body.

Figure 6: Close V-Gutter Design [8]

Kiel et al. first studied LBO at 4 different inlet temperatures with ranging inlet Reynold Numbers
between 9000 and 52000. When Re was less than 15000, LBO appeared insensitive to Reynolds
number. However, when Re increased above 20000, the equivalence ratio at which LBO
occurred increased. This is due to the fact that, when considering stably anchoring a flame to a
certain location, turbulent flow can cause perturbations that are not favorable to flame stability.
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Additionally, as inlet temperature was increased for each Reynolds number, the LBO
equivalence ratio increased as well. Their plotted data is presented in Figure 7.

Figure 7: LBO Limits with respect to inlet temperature and Reynolds Number [8]
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CHAPTER 3: EXPERIMENTAL SETUP AND PROCEDURE

This chapter serves to provide an understanding of the rig and associated tools utilized
throughout this experimental study. Discussion shall be based around the rig itself, the atomizer,
the bluff body and the selected fuel.

3.1 The High-Pressure Combustion Rig
The rig, located at the University of Central Florida’s Propulsion and Energy Research
Laboratory, is a high-pressure combustion facility. Figure 8 provides isometric and front views
of this facility with labels attached to each of critical subassemblies relevant to this experimental
study. This rig consists of main and bypass lines which feed into the headend plate. Downstream
the headend plates lies the vitiator, multiple plenums of different lengths, a bluff body, optical
test section and converging nozzle. The plenums, approximately 30” in total length, allow for
fuel and air to mix sufficiently prior to entering the bluff body plenum. The mixture then passes
over the bluff body in a flow structure as described in Chapter 2 and provided adequate
conditions, ignites in the recirculation zone. The choked nozzle pressurizes the system at
different levels depending on the mass flow rate of air that is set by the upstream regulators.
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Figure 8: High Pressure Combustion Facility

Figure 9 presents the headend plate assembly and labels the air and hydrogen inlets. The intent of
the headend is to house the vitiator in which air and hydrogen combusts upstream of the main
fuel-air igntion to heat the chamber to more desireable conditions. When dealing with liquid fuel,
as in this case, the vitiator proved necessary to encourage liquid fuel ignition.

Figure 9: Headend Plate Assembly and Vitiator Design
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The main and bypass lines are separated by a short pipe, either 3” or 6” in length. Within the
pipe, a hydrogen pilot interacts with the main air supply. The spark wire ignites the hydrogen-air
mixture, producing a hydrogen pilot flame. The flame traverses downstream and heats the
plenum. The length of this pilot flame depends on the equivalence ratio and flow conditions that
are present during the combustion process. The short pipe prevents the hydrogen pilot flame
from dissipating outwards into the bypass lines, where a fuel/air mixture could be injected. The
intent of the vitiator is to assist in the vaporization of liquid fuel such that a more ignitable
fuel/air mixture may be ignited on the bluff body.

Flow through the main and bypass lines are managed by regulators and choked orifices.
Therefore, the equivalence ratio and pressure experienced downstream can be set depending on
the test case. Provided sufficient mass flow to choke the converging nozzle, the pressure
downstream can be determined by the following equation:
()*

𝛾 𝛾 + 1 '+(('*)
- 0
𝑚̇ =
3
2
+𝑇& 𝑅
𝐴𝑃&
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(2)

3.2 Liquid Fuel Atomizer
Spray combustion is a key element considered in engine development today. This mechanism is
made up of four process: (1) atomization, (2) evaporation, (3) vapor mixing and (4) combustion
[9]. The ignitability of liquid fuels relates directly to the droplet size distribution that is entrained
in the gaseous oxidizer flow [10].

Figure 10 provides an image of the atomizer used for this experimental study. This atomizer
inlets on the left and right of the image are fuel and air respectively. An impinging mechanism
then breaks down the fluid particles into smaller droplets in a premixed environment. The small
droplets are forced through the atomizing orifice into the facility, which further reduces the
droplet size at the outlet. The intent is to produce liquid fuel droplets with increased ignitability
to guarantee sustained combustion and maximum heat release.

Figure 10: Liquid Fuel Atomizer
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The liquid fuel flow can be controlled via the pressure pushing the liquid fuel from the tank or
the pressure injecting the air on the opposite direction. This allows for there to be a large range
of fuel flow rates that can be targeted depending on the test case. Additionally, a needle sitting
upstream of the impinging region can be turned to allow for the impinging area to increase or
decrease in size. Table 1 below illustrates a range of example fuel flow rates for a constant
needle position. For the sake of simplicity, the flow rate of the air impinging on the fuel is
considered negligible when compared to the air flow rate of the fuel on the main and bypass
lines.
Table 1: Fuel Flow Rate Test Data
Pressure Air (psig)
130
130
130
130
130
130

Pressure Fuel (psig)
30
40
50
60
70
80

Needle Setting (turns)
1/2
1/2
1/2
1/2
1/2
1/2

Mass Flow Rate (g/s)
7.4
10.93
12.67
13.8
15.67
17.83

95
80
70
60
50

90
90
90
90
90

3/8
3/8
3/8
3/8
3/8

3.88
5.73
7.33
8.32
9

The data presented in Table 1 shows the range of fuel flow rates that can be targeted based on the
set pressure conditions and the needle position. With the needle more closed, a decrease in mass
flow rate is achieved. As fuel pressure is increased with constant atomizer air pressure, fuel mass
flow rate increases nonlinearly. Alternatively, as atomizer air pressure is decreased with constant
fuel pressure, the mass flow rate increases nonlinearly. The ability to vary fuel flow rates enables
experiments to be run at different equivalence ratios.
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3.3 Bluff Body

Figure 11: Bluff Body and Optical Test Section

An aerodynamic bluff body, shown in Figure 11, is utilized to produce a stable flame that can be
characterized by optical instrumentation. The leading-edge features aerodynamic curvature to
limit obstruction of the flow field. As the fluid passes over the bluff body, a boundary layer
grows downstream until it meets the lip, at which point the boundary layer separates and forms
the large recirculation zone. Based on its dimensions, 3” wide and 1.25” tall, it was designed
with a blockage ratio of approximately 35.7%. This is with respect to the plenum it sits within. A
spark plug design was implemented such that a spark wire exposes itself on the backend of the
bluff body. The spark wire can then ignite the mixture in a zone that is favorable for combustion.
The bluff body sits just prior to the optical test section such that its backend is positioned at the
entrance of the optical test section. This allows for the flame to be observed either with optical or
laser instrumentation.
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3.4 Liquid Fuel Selection
The liquid fuels used in this experiment are Jet Propellant 8 (JP-8), Jet-A and F-24. Each of these
are kerosene-based aviation fuels and exhibit similar properties to one another. Many aerospace
systems today employ diesel fuels. When comparing JP-8 to diesel fuels, it was found that
combustion with JP-8 resulted in lower NOx emissions and therefore, has been of heavy interest
for both military and commercial applications [11].

JP-8 is the military equivalent of Jet-A. Performance and regulatory standards for these fuels are
derived from American Society for Test Materials (ASTM) and the U.K. Ministry of Defense
[12]. The variance between these two fuels lies primarily in the ASTM D1655 mandate, which
states that specific additives are required to be present for it to be used in military applications.
Lubricity enhancers, fuel system icing inhibitors and static dissipaters are the key additives that
distinguish JP-8 from Jet-A [13]. F24 is Jet-A with these military additives and, therefore, is no
different than JP-8. Since these properties have no effect on the outcome of this specific
experimental study, these fuels are used interchangeably dependent on the current supply.

Fuel properties relevant to the calculations in this experimental study include stoichiometric fuelair ratio (0.068) and the autoignition temperature (229°C) [12].
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3.5 Experiment Procedures
Prior to beginning the experiment, conditions must be set to ensure the proper test case is being
run. Initial conditions to be set are hydrogen pressure, fuel pressure, atomizer air pressure and
desired mass flow rates on the main and bypass lines. The mass flow rates are determined based
on the nozzle throat area and desired operating pressure, utilizing Equation 2.

The experiment begins by injecting air and hydrogen into the plenum and allowing the two to
sufficiently mix. After a small time delay, fuel and atomizer air is injected into the mixture. The
spark wire in the vitiator is initiated first to rapidly increase the temperature of the mixture.
Subsequently the spark plug on the bluff body is turned on to ignite the liquid fuel in the
recirculation zone. At this point, a flame should be present in the optical test section and imaging
diagnostics can be performed. Following imaging, the experiment is shut down and excess air
flows to clear the facility of any ignitable mixtures. Full control of the system, including time
delays and solenoid switches, is performed utilizing the rig’s associated LABVIEW code.
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CHAPTER 4: TEST CONFIGURATIONS AND IMAGING RESULTS
4.1 Configuration 1: Fuel Injection into Main Line without Vitiator

Figure 12: Configuration 1 - Liquid Fuel Atomizer in Main Line

Figure 12 illustrates the first configuration attempted, in which the fuel atomizer was integrated
into the main line (highlighted in purple). In this setup, the vitiator was turned off by closing the
hydrogen inlet valve. The atomized fuel was entrained into the main air line, breaking up the
liquid droplets. The mixture then passed through a perforated plate just before entering the
vitiator pipe, encouraging additional droplet breakup. Note that the spark in the vitiator was
turned off to enable the mixture to traverse to the bluff body before attempting ignition.
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In Figure 13, it is clear to see that the liquid fuel was not sufficiently atomized in this
configuration. Large liquid droplets were present passing over and under the bluff body as well
as in the formed recirculation zone. For this reason, ignition was not achievable. To ensure the
flow was not too lean, resulting in lean blowout, the bypass air was removed. Results remained
the same for both atmospheric test cases and high-pressure cases.

Figure 13: Configuration 1 - Non-Reacting Recirculation Zone

Due to the results from configuration 1, it was determined that the vitiator was required in order
to assist in vaporization of the liquid fuel. Post processing of the videos showed that small
droplets of liquid fuel passing along the walls of the plenum began to coalesce and grow,
reversing the affect of the upstream atomization. The added heat from the vitiator would energize
the small droplets and assist in maintaining smaller droplet dimensions.
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4.2 Configuration 2: Fuel Injection into Bypass Line with Vitiator

Figure 14: Configuration 2 - Liquid Fuel Atomizer in Bypass Line

Figure 14 illustrates the second configuration attempted, in which the fuel atomizer was
integrated into the bypass line. The goal was to increase the chamber temperature to encourage
liquid fuel vaporization while isolating the liquid fuel from the vitiator’s hydrogen flame. The
droplet size was expected to be reduced such that an ignitable mixture would be present on the
bluff body.
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At high hydrogen mass flow rates, the vitiator flames escaped the small pipe and immediately
ignited the liquid fuel within the main plenum. Figure 15 shows the liquid fuel flame produced in
this circumstance. From this, it is seen that early ignition results in the flame passing over and
under the bluff body, without igniting in the recirculation zone.

Figure 15: Configuration 2 - Ignition Upstream of Bluff Body

To mitigate this early ignition, the length of the vitiator pipe was increased such that the bypass
line was isolated from the vitiator for a longer length into the plenum. The 3” burner pipe was
swapped out for a 6” burner pipe, as represented in Figure 16. Furthermore, the hydrogen mass
flow rate was reduced to the minimum necessary to achieve hydrogen ignition, with the attempt
to reduce the propagation length of the hydrogen pilot flame.
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Figure 16: Configuration 2 - Burner Pipe (3" vs 6")

Both the increased length of the pipe and the leaner vitiator ignition resulted in flame diffusion
within the pipe itself, allowing the liquid fuel to be heated without igniting with the vitiator
flame. The heated fuel traversed through the plenum and ignited within the recirculation zone on
the bluff body, as seen in Figure 17. This was performed at Pabs = 1 atm.

Figure 17: Configuration 2 - Fuel Rich Flame Present on Bluff Body at Pabs = 1 atm
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Characterizing the flame in Figure 17, it was unstable and fuel rich. The flame did not hold for
more than a second and suffered severe oscillatory behavior. Moreover, requirements desired
leaner conditions. Figure 18 presents the same study with a decreased fuel mass flow rate and
increased air mass flow rate such that a Φ < 1 was achieved. This study is also at Pabs = 1 atm.

Figure 18: Configuration 2 - Fuel Lean Flame Present on Bluff Body at Pabs = 1 atm
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The same test case was then performed at Pabs = 3 atm and is presented in Figure 19.
Due to the increased pressure in the system, the flow velocities upstream were reduced
significantly. This allowed the liquid fuel flame to stabilize upstream of the bluff body and yield
similar results as Figure 15. The equivalence ratio was still lower than 1 and, therefore, a blue
flame was expected. It was concluded that the tail of the flame was seen in the optical test
section and there was, in fact, a lean flame present where it was not optically accessible.

Figure 19: Configuration 2 - Flame Present at Pabs = 3 atm
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4.3 Configuration 3: Jet in Crossflow (12 in from Headend Plate)
Jet in crossflow is an injection technique in which a jet stream is issued into a crossflow. The
degree at which the jet is bent into the crossflow direction is dependent on the momentum flux
ratio (J) as represented in equation 3. It is a significant flow variable when considering the
degree at which the two streams are mixed together prior to reacting, which is important to
consider when reading about the following configurations that were tested in this experimental
study. A higher momentum flux ratio implies that the flow will turn into the crossflow direction
at a slower rate, due to the high velocity of jet injection [14].
𝐽=

(𝜌𝑉 + )./"
(𝜌𝑉 + )01$!!#2$3

(3)

Figure 20: Configuration 3 - JICF Injection Method 12 in from Headend

Figure 20 depicts configuration 3, in which a jet in crossflow (JICF) method of injection was
implemented. This figure also provides the distance away from the headend plate, which proved
to be a critical dimension in the ability to develop a stable flame. In this case, fuel was injected
12 inches from the headend plate.
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Premature ignition due to the pilot hydrogen flame was again experienced, yielding similar
results to configuration 2: injection into the bypass line. As the flow rate of hydrogen was
decreased, flames began to appear on the bluff body, however, flame stability remained an issue.
It was concluded that the point of fuel injection needed to be move further downstream to avoid
contact with the hydrogen pilot flame.

4.4 Configuration 4: Jet in Crossflow (25.5 in from Headend Plate)

Figure 21: Configuration 4 - JICF Injection Method 25.5 in from Headend

Figure 21 shows the injector moved downstream, 25.5 inches from the headend plate. In this
configuration, it was found that the mixed air and fuel did not have sufficient time spent in the
plenum to atomize and heat up prior to entering the recirculation zone on the bluff body. This
resulted in a non-ignitable mixture, despite increases in vitiator heat release or changes in
equivalence ratio. It was determined that the JICF injection location needed to be between 12 and
25.5 inches to balance the vitiator heating with adequate mixing and particle breakup.
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4.5 Configuration 5: Jet in Crossflow (18.5 in from Headend Plate)

Figure 22: Configuration 5 - JICF Injection Method 18.5 in from Headend

Figure 22 provides a comprise in distance away from the headend plate that proved to balance
vitiator heating and sufficient mixing length; liquid fuel injection was 18.5 inches downstream
the vitiator.

Initial testing in this configuration revealed the need to perform additional calculations in
regard to the momentum flux ratio. Figure 23 illustrates the flame mechanisms experienced at
extreme momentum flux ratios. When the momentum flux ratio was too high, a bottom heavy
flame was produced as seen in a. In the case that it was too low, a top heavy flame was
produced as seen in b. Both of these cases are indicative of insufficient mixing prior to reaching
the bluff body, a circumstance resulting in flame instability. Calculations were made to
determine a momentum flux ratio suitable for this configuration.

29

Figure 23: a) Bottom Heavy Flame, b) Top Heavy Flame

In this configuration, lean and stable flames were produced on the bluff body at Pabs = 1atm.
However, at Pabs = 3atm and Pabs = 5atm, despite applying the same mass flow rates of air and
fuel, the flame stabilized near the vitiator as opposed to downstream on the bluff body. Figure
24 below provides two test cases in which identical conditions were set, but yielded different
results with varying operating pressures.

Figure 24: Configuration 5 - a) Flame Seen at 1 atm, b) Flame Seen at 3 atm
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The reliance on a high mass flow rates of hydrogen in the high pressure test cases limited the
capability to capture a lean and stable flame on the bluff body. With the system backpressured
to Pabs = 3 atm or Pabs = 5 atm, the upstream air velocity decreased dramatically, forcing a flame
to appear upstream of the bluff body. It was necessary to lower the hydrogen mass flow rate to
decrease the heating required by the vitiator.
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4.6 Configuration 6: The Addition of Fuel and Air Heaters

Figure 25: Configuration 6 - Addition of Air and Fuel Heaters (Fuel Heaters Not Shown)

Fuel and air heaters were integrated into the system to increase the temperature of the mixture,
such that the mass flow of the hydrogen could be reduced while still maintaining ignitability of
the flow field. The fuel heaters heat the liquid fuel to a temperature range of 150 - 220° C. The
temperature is recorded with a type-J thermocouple attached to the heating mechanism. The air
heaters heat the air passing through the atomizer between 250 - 300° C, determined by the user
input. With the two heating solutions working together, the fuel was injected at a temperature
converging on the autoignition temperature of kerosene-based fuels which is between 229°C.
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The increase in injection temperature allowed for the mass flow of hydrogen to be brought down
substantially, such that the vitiator produced less heat. The hydrogen orifice was swapped from a
0.067” to a 0.043” orifice size and set conditions of the hydrogen pressure changed from 120 –
150 psig to 60 – 95 psig at atmospheric pressures. As a result, the hydrogen flame length
decreased and did not cause premature ignition of the jet fuel injected downstream. An ignitable
mixture was then able to pass over the bluff body and stabilize in the recirculation zone. At
atmospheric pressures, a lean flame was stably produced in the optical test section, as seen in
Figure 26.

Figure 26: Configuration 6 - Flames Present on Bluff Body at Pabs = 1atm
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Test cases at Pabs = 3 atm or Pabs = 5 atm also produced flames on the bluff body, however, they
were not held as stable compared to atmospheric testing. The higher pressures experienced in
the system caused lower flow velocities traveling through the plenum. The mixture ignited
upstream of the bluff body as well as partially in the recirculation zone, but oscillations in the
flow field showed appeared in the test section in the form of flame instabilities. Figure 27
provides the associated flames captured.

Figure 27: Premature Ignition and Bluff Body Flame at Pabs = 3 atm
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CHAPTER 5: OPTICAL SENSOR RESULTS

By understanding free radicals present within a flame, the equivalence ratio can be calculated,
assuming proper calibration of optical equipment. The ability to have a stable flame at relevant
pressures and temperatures has led the Propulsion and Energy Research Laboratory to operate
and calibrate a cutting-edge Fuel-Air Ratio (FAR) sensor. Current progress has led to post
processed imaging of C2* and CH* radicals within flames similar to those presented in Chapter 4.
This chapter serves to provide relevant data associated with these measurements.

5.1 Characterization of C2* and CH*
The presence of radicals such as C2 and CH*, and their intensities within a flame, are indicative
of the local equivalence ratio within a flame. Lean flames tend to have higher concentrations of
CH* compared to rich flames, due to the lower energies and temperatures associated with
breaking of hydrocarbon bonds. As equivalence ratio is increased above 1, high temperatures and
energies lead to an increase in C2*. Figure 28 illustrates the intensities and wavelengths at which
these two radicals occur. It also distinguishes the intensities of the free radicals that are of
interest and their associated pedestals. This knowledge was used to design optics for the Fuel-Air
Ratio Sensor as seen in the following section.
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Figure 28: Spectral Emission Plot of Blue Flame
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5.2 Fuel-Air Ratio Sensor

Figure 29: Fuel-Air Ratio Sensor Schematic

5.3 FAR Sensor Images
Lean, stoichiometric, and rich flames were produced at absolute pressures of 1 atm, 3 atm and
5 atm. Each flame was imaged with the Fuel-Air Ratio Sensor. In this section, the 5 atm case
studies are presented. Table 2 provides the specifics of each test case. Following are Figures 30,
31 and 32, which present an image associated with each test case.
Table 2: Test Cases for the Fuel-Air Ratio Sensor

Test Case # Absolute Pressure (atm) Equivalence Ratio
1
5
0.77
2
5
1
3
5
1.16
37

Flame Type
Lean
Stoichiometric
Rich

Figure 30: FAR Sensor - Test Case 1

Figure 31: FAR Sensor - Test Case 2
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Figure 32: FAR Sensor - Test Case 3

The data shows that the concentration of C2* and CH* pedestals increases dramatically
between as equivalence ratio increased from Φ = 0.77 to Φ = 1.16. This was expected due to
the increases in temperature of the combustion process between these cases. While the total
concentration of CH* increases as richer combustion occurs, the ratio between CH* and C2*
decreases, indicating that the CH* dominance decreases with an increase in equivalence ratio.
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CHAPTER 6: CONCLUSION
Numerous images of flame mechanisms were captured within the optical test section of a highpressure combustion facility. A bluff body operated between Pabs = 1 atm and Pabs = 5 atm, and
equivalence ratios between 0.7 and 1.3. Ignitable mixtures of jet fuel and air were entrained into
a recirculation zone and ignition on the bluff body was successful. Difficulties arose when bluff
body ignition was attempted at high pressures close to Pabs = 5 atm. Flames, while present on the
bluff body, struggled to maintain stabilization at pressure.

An investigation was performed in which C2* and CH* radicals were imaged using the Fuel-Air
Ratio Sensor. Results were provided at Pabs = 5 atm at Φ = 0.77, Φ = 1.0, and Φ = 1.16. Future
work shall yield results over the entire pressure range listed above and over a narrower range of
equivalence ratios.
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